ABSTRACT We compared microsatellite polymorphism at nine loci located on chromosome 3 among two colonies and a Þeld population of Anopheles gambiae sensu stricto Giles mosquitoes. Numbers of microsatellite alleles observed at each locus and mean heterozygosities were drastically reduced among laboratory colonies. Genetic analysis of the Þeld population used in this study revealed an unprecedented frequency of rare alleles (Ͻ0.05). In contrast, colony samples revealed large numbers of alleles with frequencies Ͼ0.50. Partitioning of Þeld data to assess the impact of rare alleles, null alleles, and sample size on estimates of mean heterozygosity revealed the plasticity of this measurement and suggests that heterozygosity may be reliably estimated from relatively small collections using microsatellites.
NATURAL POPULATIONS GENERALLY maintain large amounts of genetic polymorphism. The amount and structure of genetic variation observed in these populations may depend on the sensitivity of the techniques used and genetic markers surveyed, as well as on biological features of populations under study. Anopheles gambiae Giles, the primary mosquito vector of human malaria in West Africa, has been the focus of genetic studies for several decades. Many of these studies focused on polymorphic polytene chromosome inversions (Coluzzi et al. 1979 (Coluzzi et al. , 1985 Touré 1991) . Although useful, these inversions are identiÞed through karyotyping of ovarian nurse cells from halfgravid, adult female mosquitoes or fourth stage larval salivary glands and require experience for proper preparation and reliable scoring. In contrast, molecular based methods often require less expertise and subjectivity for reliable genetic evaluation and can be used on any life stage and for both sexes. More importantly, karyotype frequencies themselves are poor markers for gene ßow because their frequencies are apparently strongly affected by natural selection; in An. gambiae they seem to be affected by regional or seasonal climate (Coluzzi et al. 1979 (Coluzzi et al. , 1985 Bryan et al. 1982; Touré 1991) . The presence of inversion polymorphisms may pose a problem in estimating gene ßow even when markers assumed to be neutral are used. Gene ßow, like other forces, is higher in some parts of the genome and lower in others. For example, favorable genes can still be exchanged successfully even when barriers to gene ßow are strong. The opposite effect, whereby unfavorable genes are not exchanged under high gene ßow, is also possible. Such genes could be at loci that confer local adaptations and at any linked loci. The signiÞcance of this is that gene ßow, even if estimated accurately, may still fail to account for variation among different parts of the genome. To avoid these difÞculties, researchers are currently using a wide array and combination of genetic markers to examine gene ßow and population structure within the An. gambiae complex (Paskewitz and Collins 1990; Favia et al. 1994 Favia et al. , 1997 Lanzaro et al. 1995 Lanzaro et al. , 1998 Collins and Paskewitz 1996; Lehmann et al. 1996 Lehmann et al. , 1997 ). An additional advantage is that many of these markers have been physically mapped to polytene chromosomes so that their position relative to the traditionally used inversions are known and may be evaluated.
Depending on need, laboratory colonies are either representative of the Þeld populations from which they originated or serve as a stable standard to which other populations may be compared (Munstermann 1994) . Colony genetics are rarely monitored and when they are they often reveal signiÞcant departures from the originally sampled populations. Munstermann (1994) evaluated among inbred strains of Aedes triseriatus (Say) (Matthews and Craig 1987) . This study demonstrates that inbreeding could reduce heterozygosity by 50% within 15 generations, but that the effect was locus dependent with heterozygosity values remaining stable or actually increasing at some loci. Nonetheless, this investigation illustrates the potential effects of inbreeding and founder effect on small laboratory populations.
Isozymes were found to be much less variable than microsatellites among Þeld collections of An. gambiae s.s. (Miles 1978 (Miles , 1979 Lanzaro et al. 1995; Lehmann et al. 1996) . In these comparisons, microsatellites were not only more polymorphic with more alleles per locus, but also had higher mean heterozygosities than isozymes. Although highly polymorphic, recent examination of genetic structuring within An. gambiae populations in West Africa using microsatellite DNA analysis have revealed that gene ßow varies among regions of the mosquito genome (Lanzaro et al. 1998 , Walton et al. 1998 ). Gene ßow is lowest among microsatellite loci located on chromosome 2. This restriction in gene ßow may be due to hitchhiking of microsatellite markers with the chromosome inversions associated with this chromosome. There appears to be little restriction to gene ßow among microsatellite loci located on chromosome three (Lanzaro et al. 1998 ). This suggests that loci on chromosome three may be the most useful for observing factors effecting the behavior of microsatellites, excluding those factors associated with linkage to paracentric inversions.
Microsatellites are quickly becoming popular as tools for population genetic studies of An. gambiae s.s. (Lanzaro et al. 1995 (Lanzaro et al. , 1998 Lehmann et al. 1996 Lehmann et al. , 1997 Kamau et al. 1998 Kamau et al. , 1999 Wang et al. 1999) . Although polymorphic in moderately sized Þeld collections, these markers have not been adequately examined among laboratory colonies. In addition, microsatellite polymorphism has not been examined among relatively large collections of An. gambiae s.s. The primary goal of this study was to compare microsatellite polymorphism between two laboratory colonies and a large Þeld population of An. gambiae s.s. Polymorphism was evaluated by comparison of mean heterozygosity estimates and the numbers of microsatellite alleles at each of nine loci on chromosome 3.
Materials and Methods
Mosquito sampling and DNA extractions. Samples were collected from each of two laboratory colonies of An. gambiae s.s. The G3 colony was acquired from the National Institutes of Health (Bethesda, MD) in 1997. This colony was originally established from The Gambia, West Africa, and has been in culture for Ͼ15 yr. The Mopti colony was acquired from the Malaria Research and Training Center in Bamako, Mali. This strain was originally colonized in 1995 from collections made in the village of Bancoumana and is the least laboratory adapted of the two colonies. Field-collected mosquitoes were regularly added to the Mopti colony until our acquisition of the colony in 1997. The BN897 Þeld population of An. gambiae s.s. was collected in Banambani, Mali, in August 1997.
Individual DNA extractions were completed on 32 adult female mosquitoes from each colony in 1998. The BN897 Þeld population was composed of DNA extractions from 332 female An. gambiae s.s. DNA was extracted using the method of Post et al. (1993) and the resulting DNA pellet was resuspended in 20 l 0.1 ϫ SSC ϩ RNase (10 g/ml) overnight at 4ЊC. The Þnal volume was brought to 100 l with 1% DEPC water before use. Field-collected mosquitoes were identiÞed as An. gambiae s.s. using the polymerase chain reaction (PCR)-based identiÞcation method developed by Scott et al. (1993) .
Microsatellite Analysis. Nine microsatellite loci from chromosome 3 of An. gambiae were selected for ampliÞcation. These loci have been mapped and described by Zheng et al. (1993 Zheng et al. ( , 1996 . Microsatellites were PCR ampliÞed from Ϸ10 ng (1 l) of An. gambiae DNA. Each 20-l reaction consisted of 10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatin; 0.2 mM dNTPs; 0.5 U of Taq polymerase and 10 pmol of each primer. The forward primer in each reaction was labeled with a ßuorescent marker (FAM, TET, or HEX) compatible with ABI PRISM (Perkin-Elmer, Norwalk, CT) electrophoresis. DNA ampliÞcations were completed in MJ Research PTC-200 thermal cycler (MJ Research, Watertown, MA). A 5-min denaturation step at 95ЊC was followed by 29 cycles of 20 s at 95ЊC, 30 s at 55ЊC and 30 s at 72ЊC. A Þnal extension at 72ЊC was extended to 1 h to alleviate problems associated with addition of nontemplated nucleotide (dA) to the PCR products. PCR products were mixed with a GeneScan (Perkin-Elmer) size standard, loading dye and deionized formamide and run on an ABI PRISM 377 sequencer as directed by Perkin-Elmer. Gels were analyzed using ABI PRISM GeneScan Analysis Software and Genotyper DNA Fragment Analysis Software (Perkin-Elmer) to identify alleles. Arlequin version 1.1 (Schneider et al. 1997 ) was used to calculate allele frequencies and mean heterozygosities. Heterozygosity was also calculated for two subsets of the Þeld population (BN897) data; one in which all samples with null alleles were removed to assess how nulls may skew the analysis, and a second subset of 32 individuals randomly selected from the Þeld population to help assess the effect of sample size in the comparison of colony to Þeld data.
Results and Discussion
The majority of observed alleles at each locus range Ϯ 30 bp in size from the original microsatellite clones characterized by Zheng et al. (1996) . As expected, microsatellite DNA polymorphism is dramatically reduced in the two laboratory colonies of An. gambiae s.s. examined in this study. We observed up to an eightfold reduction in mean number of alleles per locus (Table 1 ) and 3.5-fold reductions in mean heterozygosities (Table 2) when laboratory colonies were compared with a Þeld population. These effects are similar to those reported for reductions in isozyme polymorphism observed among comparisons of Þeld and colony populations of insects. Small sample size (n ϭ 32) from the laboratory colonies was sufÞcient to sample microsatellite polymorphism in these populations, because no additional alleles have been observed in subsequent examinations of these colonies (D.E.N., unpublished data). It is likely that the reduction seen in microsatellite polymorphism among laboratory colonies of An. gambiae s.s. is due to a combination of factors. Collections used to initiate new laboratory colonies are usually composed of relatively few individuals and this small sample size essentially functions as a founder effect. In addition, with as much as 75% of the microsatellite alleles observed in Þeld collections occurring at a frequency Ͻ0.05 (Table 2 ; Fig. 1 ), many of these rare alleles are never sampled or are lost in the Þrst few generations of a laboratory population (D.E.N., unpublished data), which quickly results in reduced microsatellite polymorphism in these small populations.
In contrast to the laboratory colonies where small sample sizes account for nearly all polymorphism, the number of microsatellite alleles, especially rare alleles (frequency Ͻ 0.05), recognized among Þeld populations of An. gambiae s.s. appear to be proportional to sample size. Previously unobserved alleles are consistently discovered during analysis of additional sample sets. Nearly all of these new alleles are initially ÔrareÕ and tend to remain so throughout these studies. Lanzaro et al. (1995) found 82 alleles distributed across 11 microsatellite loci in a small group of An. gambiae (n ϭ 19 Ð24) collected in the village of Banambani. These loci were distributed throughout the mosquito genome. Only one of the 82 alleles (1.2%) occurred at a frequency Ͼ0.50, and 37 (45.1%) occurred at frequencies Յ0.05. The Þeld population used in the current study was collected in the same village, 4 yr subsequent to Lanzaro et al. (1995) , but represents a much larger sample size (n ϭ 332). Although twice as many alleles (n ϭ 199) were recognized in analysis of loci exclusively distributed on chromosome three for the larger collection, approximately the same proportion (n ϭ 2 ϭ 1.0%) occurred at a frequency Ͼ0.50. In contrast, a much greater proportion of alleles (n ϭ 157 ϭ 78.9%) was observed at frequencies Յ0.05. In addition, this unprecedented abundance of rare alleles in the Þeld collection may support the selective neutrality of microsatellite markers on the third chromosome of An. gambiae s.s. However, localization of the genetic variability in these markers needs to be more speciÞcally assessed to further support this hypothesis (Brohede and Ellegren 1999) .
The mean heterozygosity for the Þeld population (0.681) is much greater than heterozygosities calculated for the colonies (Table 2 ) and is consistent with the range of heterozygosities reported from microsatellite analyses of Þeld populations of Anopheles mosquitoes (0.48 Ð 0.89) (Lanzaro et al. 1995, Lehmann et The BN897 Þeld population has been further partioned for estimation of heterozygosity.
al. 1996, Walton et al. 1998 , Rongnoparut et al. 1999 . Differences in mean heterozygosity between these Þeld studies are likely attributable to factors such as differences in the number of loci examined, differences in the number of alleles and rare alleles recognized, and differences in hitchhiking or other selective effects due to the physical location of microsatellite loci (Lanzaro et al. 1998 , Walton et al. 1998 ). The reduced heterozygosities derived for the laboratory colonies were expected. These observations are most likely the result of the reduced number of alleles and the predominance of a single allele that occurs at a very high frequency (Ͼ0.75) ( Table 1 ; Fig. 1 ). Similar reductions in heterozygosity among isozyme loci have been observed among laboratory colonies of sand ßies (Munstermann 1994 , Mukhopadhyay et al. 1997 .
Although sample size has a signiÞcant effect on allele frequency estimates, it appears to have much less of an effect on calculations of heterozygosity. Due to concerns over the possible effects of null genotypes and differences in sample size from the laboratory colony data, the Þeld data were partitioned for analysis (Tables 2). Null genotypes resulting from mutations within priming sites were scored as a unique homozygote genotype for each locus (Lanzaro et al. 1998) .
ArtiÞcial groupings of what are likely to be diverse, yet unrecognizable, microsatellite genotypes was expected to have a homogenization effect on the heterozygosity calculations. However, in actuality this homogenization effect was minimal, because removal of samples with null genotypes from the dataset reduced the sample size by 25% (n ϭ 243) but increased mean heterozygosity by only 8% (0.735) ( Table 2) . Due to the correlation of sample size and number of alleles/locus, relative sample sizes in comparisons of colony and Þeld data were of signiÞcant concern.
Therefore, a randomized subset of 32 individuals selected from the "no-nulls" dataset was created to adjust for relative sample size. Surprisingly, the 90% reduction in sample size resulted in relatively minor changes in any of the values representing the BN897 dataset. Although the number of alleles were reduced by 50%, the proportion of alleles with a frequency Ͼ0.50 remained stable (1.9%) and the frequency of rare alleles was only reduced by 10% (Table 2) . Interestingly, mean heterozygosity stabilized at 0.726, only a 7% increase over the heterozygosity of the full BN897 dataset. Partitioning of the data revealed the stability of heterozygosity, as well as the stability of the allelic trends among comparisons of microsatellite data from Þeld and colony sources.
This study conÞrms that microsatellite allelic diversity is considerably reduced among laboratory colonies of An. gambiae s.s., presumably due to founder effect and the loss of apparently abundant rare alleles. These effects are further reßected in reduced heterozygosity of laboratory colonies. The mean heterozygosity (0.681) calculated for the BN897 Þeld population (n ϭ 332), as well as for the partitioned datasets (Table 2) are very similar to the mean heterozygosity (0.732) calculated for a small group of An. gambiae (n ϭ 19 Ð24) collected in the same African village 4 yr earlier (Lanzaro et al. 1995) . Similar mean heterozygosities (0.662 and 0.600) reported by Lehmann et al. (1996) were based on Þve loci distributed throughout the mosquito genome. These Þndings illustrate that estimations of heterozygosity based on microsatellites are relatively robust to the presence of rare alleles, null genotypes, and location of loci within the genome, and they may be adequately estimated from relatively small Þeld collections. 
